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TRANSIENT  PHOTOLUMINESCENCE  MEASUREMENTS  ON 
GaAs  AND  AIGaAs  DOUBLE  HETEROSTRUCTURES 


Linda  F.  Halle,  Steven  C.  Moss,  and  Dean  C.  Marvin 
Electronics  Technology  Center,  The  Aerospace  Corporation 
P.O.  Box  92957,  Los  Angeles,  CA  90009-2957 


ABSTRACT 

We  report  a  set  of  transient  photoluminescence  (TPL) 
measurements  of  GaAs  and  AIGaAs  double  heterostiucture 
(DH)  materials  as  a  function  of  temperature  fiom  lOK  to  BOOK. 
We  also  rqxxt  measurements  of  the  time-int^rated 
photoluminescence  spectra  of  these  samples.  We  observe,  in 
both  the  spectra  and  the  TPL  measurements,  evidence  that  the 
low-temperature  photoluminescence  kinetics  are  affected  by 
additional  paths  for  radiative  decay  that  are  not  evident  at  room 
temperature,  but  have  implications  for  material  qualities 
measured  at  room  temperature. 

INTRODUCTION 

The  efSciency  of  solar  cells  is  directly  related  to  the 
carrier  lifetimes  of  the  materials  forming  the  active  regions  of 
the  cells,  such  as  the  GaAs  a  AIGaAs  materials  studied  here. 
A  standard  method  for  measuring  the  carrier  lifetimes  is  a 
technique  known  as  transient  jdiotoluminescence  [1].  We  have 
extended  this  technique  to  studies  as  a  function  of  temperature 
over  the  range  of  lOK  to  BOOK.  We  have  also  measured  time- 
integrated  photoluminescence  spectra.  At  high  temperatures, 
we  observe  the  broad,  higUy  asymmetric  band-to-band 
luminescence  characteristic  of  these  materials.  At  low 
temperatures  (10K-2SK),  the  spectral  scans  of  both  the  GaAs 
and  AIGaAs  samples  dow  two  peaks.  At  low  temperatures, 
we  also  performed  wavelength-dependent  TPL  measurements. 
These  spectrally  dependent  TPL  measurements  allow  us  to 
deduce  the  existence  of  unanticipated  acceptor  levels, 
incorporated  during  fabrication,  that  alter  the  photolumines- 
cence  q^iectra  and  TPL  measurements  at  low  temperature.  The 
presence  of  these  acceptor  levels  may  affect  the  carrier  mobility 
in  dus  material,  even  at  room  temperature,  depending  on  their 
density.  Information  regarding  the  density  of  these  acceptor 
levels  may  be  obtained  from  these  types  of  measurements. 

Transient  photoluminescence  measurements  use 
incosecond  laser  pulses  to  excite  a  sample,  and  the 
luminescence  from  the  sample  is  measured  using  a  form  of 
time^oiTelated,  single-photon  counting  [2].  In  DH  materials, 
the  picosecond  laser  pulse  is  absorbed  near  the  front  surface  of 
the  active  layer.  The  charge  carriers  (electrons  and  holes) 
produced  diffitse  into  the  active  layer  arid  recombine  through 
various  mechanisms,  some  radiative  and  some  non-radiative. 
The  radiative  recombination,  meastned  in  the  form  of 
luminescence,  is  a  measure  of  the  effective  carrier  lifetime.  We 
have  recently  riwwn  that  this  effective  lifetime  is,  in  general. 


not  the  minority  carrier  lifetime  [B].  Furthermore,  the  minority 
carrier  lifetime  can  only  be  extracted  from  measurements  of 
this  type  under  carefully  controlled  experimental  conditions  [B], 

EXPERIMENTAL  DETAILS 

The  sample  characteristics  are  listed  in  Table  1. 
These  samples  were  fabricated  by  Spire  Corp.  The  substrates 
were  semi-insulating  GaAs.  On  top  of  this  was  grown  a  lOOOA 
GaAs  buffer  layer  and  a  lOOOA  b^er  layer  of  Al^  gGag  2AS. 
The  n-type  active  regions  were  2  pm  thick  GaAs  or 
Al^  jGa^  ^  doped  with  Se.  The  top  layer  was  a  lOOOA  thick 
layer  of  Al^  gGa^  2^.  The  energy  bandgap  of  the  barrier 
layers  is  large  enov^  so  that  no  laser  light  is  absorbed  in  them. 
The  active  region  is  thick  enough  so  that  essentially  all  of  the 
laser  light  is  absorbed  within  the  active  region.  The  laser 
system  consists  of  a  cavity-dumped  mode-locked  dye  laser 
synchronously  pumped  by  the  frequency-doubled  output  of  an 
actively  mode-locked  Nd:YAG  laser.  We  used  a  cavity 
dumping  rate  of  400  kHz,  which  ensured  that  the  2.5  ps 
between  pulses  was  much  longer  than  the  effective  carrier 
lifetimes.  The  dye  laser  wavelength  was  590  tun.  The  average 
dye  laser  power  at  this  cavity  dumping  rate  was  6  mW 
attenuated  to  0.01  mW  incident  upon  the  sample.  The  laser 
pulses  were  20  ps  in  duration  (FWIM  of  intensi^),  were  p- 
polarized,  and  were  incident  upon  the  samples  at  an  angle  of  27 
degrees  frxnn  normal.  The  la^  pulse  spot  size  on  the  sample 
was  elliptical  with  the  nujor  axis  being  5.7  nun  (FWl/eM  of 
intensity)  and  the  minor  axis  being  4.8  nun  (FWl/eM  of 
intensity).  The  sample  was  enclosed  in  a  temperature- 
controlled  cryostat  that  allowed  access  to  sample  temperatures 
firoml0KtoB00K(RT). 

Table  1.  Characteristics  of  GaAs  and  AIGaAs  double 

heterostructures. 


Sample  III 

Type  of 
Active  Layer 

Thickness 

of 

Active 
Laver  (pm) 

Active  Layer 
Dopant 
De^ty 
(cm*^) 

SI 

GaAs 

2 

B.5xl0'*» 

S2 

GaAs 

2 

9.0x10*® 

SB 

GaAs 

2 

l.Bxl0*» 

S7 

AlniGanoAs 

2 

B.5xl0‘® 

S8 

Ain  tGan  oAs 

2 

9.0x10*® 

S9 

Ain  iGan  oAs 

2 

l.BxlO*** 

1 


We  perfonned  two  kinds  of  measurements.  One  set 
of  measurements  consisted  of  the  regular  IPL  measurements 
described  above.  The  other  set  of  measurements  consisted  of 
measurements  of  time-integrated  photoluminescence  spectra 
obtained  by  scanning  the  monochromator  through  various 
spectral  regions  during  picosecond  laser  excitation  of  the 
sample.  All  of  these  measurements  were  performed  in  the 
room-temperature,  low-intensity  limit,  where  the  decay  of  the 
band-to-lMmd  luminescence  was  independent  of  excitation 
intensity  [3].  Of  course,  as  the  sample  temperature  decreases, 
so  does  tte  number  of  ionized  donors,  Nq.  Consequently,  it 
may  not  be  possible  to  perform  TPL  measurements  in  the  low- 
intensity  limit  for  all  sattq>le  temperatures. 

RESULTS 

In  order  to  obtain  an  accurate  minority  carrier  lifetime 
measurement  from  the  TPL  technique,  the  excitation  intensity 
must  be  such  that  the  excited  carrier  concentration  is  much  less 
than  the  donor  concentration  multiplied  by  the  ratio  of  minority 
to  majmity  carrier  lifetimes  [1].  The  observed  effective 
lifetimes  as  a  function  of  intensity,  measured  at  room 
temperature,  for  samples  SI  and  S3  are  shown  in  Figure  1. 
The  low-intensity  lifetime  is  reached  for  these  GaAs  samples  at 
fluences  less  than  0.1  rJ/cm^.  Similarly,  the  low-intensity 
limits  are  reached  for  the  AlGaAs  samples  at  fluences  less  than 
1  tJ/cm^.  For  the  spectral  scans  and  TPL  measurements 
described  below,  the  excitation  fluence  used  was  approximately 
0.1  tJ/cm^.  In  the  GaAs  and  AlGaAs  DHs,  this  resulted  in  a 
peak  photogenerated  carrier  density  of  less  than  1  x  lO^^/cm^. 
Since  this  is  more  than  three  orders  of  magnitude  snudler  than 
Nq,  it  indicates  that  the  majority  carrier  lifetime  is  much 
greater  than  the  minority  carrier  lifetime.  These  photogener¬ 
ated  carrier  densities  are  small  enough  to  avoid  the  exciton 
screening  and  renormalization  effects  observed  in  other 
picosecond  measurements  [4]. 


FLUENCE  (nJ/cm2) 


Figure  1.  Measured  RT  lifetimes  of  GaAs  DHs  samples  SI  and 
S3  as  a  function  of  incident  optical  fluence. 
Lifetimes(ns)  for  S3  correspond  to  scale  at  right. 

GaAs  Doublt  Htttrostruetures 

TPL  measurements  at  room  temperature  ate  shown 
for  samples  SI,  S2,  and  S3  in  Figure  2.  The  photolumines- 
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Figure  2.  Room  temperature  TPL  measurements  of  GaAs 
DHs. 

cence  rises  rapidly  during  the  absorption  of  the  excitation  pulse 
from  a  background  level  and  then  decays  back  to  the 
bacl^ound  level  with  a  lifetime  that  is  characteristic  of  the 
properties  of  the  sample.  Single  expcmential  fits  to  these 
decays  indicate  initial  effective  lifetimes  of  approximately  84, 
30,  and  3  ns  for  these  samples,  as  listed  in  Table  2.  The 
lifetimes  expected  due  to  band-to-band  radiative  recmnbination 
are  143,  56,  and  4  ns,  respectively.  If  we  neglect  surfrux 
recombination  and  Auger  recombination,  the  minority  lifetime 
can  be  extracted  from  these  measurements  taken  in  the  low- 
intensity  limit  by  using  the  equation  1/t^  =  l/tp^  +  l/xp, 
uhere  T3Q  =  1/BNq  is  the  band-to-band  raditUive  lifetime  (B  = 
2x10*^^  cafi/s)  and  udiere  Xp  is  the  minority  carrier  lifetime. 
These  results  place  lower '^limits  on  the  minority  carrier 
lifetimes  in  sanq>les  SI,  S2,  and  S3  of  approximately  205  ns, 
67  ns,  and  1 1  ns,  respectively.  Note  that  S3  has  dififerent  decay 
rates  at  Icmger  times,  which  may  be  due  to  the  effects  of  jdioton 
recycling  or  of  de-trrqtping  phenomeoa,  or  could  be  due  to  the 
effects  of  multiple  recombination  centers  or  recrxnbination  at 
dislocation  sites.  Similar  effects  ate  observed  in  the  roan- 
temperature  TPL  measurements  on  the  AlGaAs  samples. 


Table  2.  Room-temperature  lifetimes. 


Sample# 

Measured  RT 
Lifetime 
(nsec) 

B-B 

Lifetime 

(nsec) 

Estimated 
Lower  Limits 
of  In  (nsec) 

SI 

84.2 

143 

205 

S2 

30.4 

55.6 

67.1 

S3 

2.85 

3.8 

11.4 

S7 

63.6 

143 

114.5 

S8 

14.5 

55.6 

19.6 

S9 

<0.8 

3.8 

<1.0 

An  example  of  a  set  of  spectral  scans  fa  sample  SI,  a 
GaAs  DH,  is  shown  in  Figure  3.  At  low  temperatures,  the 
spectrum  shows  two  peaks  centered  at  8185  and  8295A, 
corre^nding  to  1.515  eV  and  1.495  eV.  In  all  of  these 
measurements,  the  results  are  a  convolution  of  the  instrument 
response  function  with  the  actual  q>ectrum.  The  ^>ecttal 
resolution  ranged  from  10-15A  at  low  temperatures  to 
ai^aoxirj  lately  50A  at  room  tenqxrature.  The  Mgher-energy 
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Figure  3.  PL  spectra  of  SI  for  temperatures  fiom  300K  to  1  IK. 

Light  gray  ciuve  is  1  IK  ^lectnun,  viliile  the  dotted 

curve  is  the  24K  spectrum. 

peak  cotreqxmds  to  the  combined,  spectrally  unresolved  effects 
of  fiee-cairier  (band-to-band),  ffee-^iton,  and  bound-exciton 
luminescence  from  the  sample  [S].  The  peak  20  meV  below 
the  bandgap  corresponds  to  Ae  combined,  spectrally  unresolved 
effects  of  luminescence  due  to  conduction  band-to-acceptor 
tiansiticms  and  to  donor-to-acceptor  transitions  [6],  The 
relative  amplitudes  of  the  two  pe^  at  two  different  incident 
optical  intensities  are  approximately  equal.  By  50K  (not  shown 
in  the  figure),  the  lower-energy  transition  has  essentially 
disappeared.  This  temperature  seems  too  low  to  cause  a  band- 
to-acceptor  transition  to  disappear  because  kgT  (0.004  meV)  is 
only  one-fifih  of  the  energy  separation  from  the  band. 
However,  if  the  transitions  were  6^  the  Se  donor  level  (6 
meV  below  the  conducti<m  band  [7])  to  a  shallow  acceptor  level 
(14  meV  above  the  valence  band),  the  transition  could  be 
extinguished  at  50K  because  most  of  the  donors  would  be 
ionized.  We  also  note  that,  as  expected,  the  luminescence 
peaks  shown  in  Figure  3  shift  to  longer  wavelengths  at  higher 
temperatures.  Furthermore,  the  peaks  broaden  substantially  and 
become  highly  asymmetric  at  higher  temperatures,  as  expected 
for  band-to-band  transitions.  Similar  spectra  were  seen  for  the 
GaAs  samples  S2  and  S3  at  the  higher  temperatures.  At  1  IK 
and  24K,  ^  two  transitions  are  also  seen  in  S2,  but  not  in  S3, 
as  shown  in  Figure  4.  The  peaks  for  sample  S2  are  shifted  by 
1.8  meV  to  higher  energies  relative  to  sample  SI.  This  is 
characteristic  of  samples  in  which  conduction  band-to-acceptor 
or  donor-to-acceptor  transitions  occur.  The  broad  unresolved 
low-temperature  spectrum  of  sample  S3  may  indicate  the 
combined  effects  of  band-gap  narrowing  and  broadening  of  the 
spectrum  of  donor  and  acceptor  energy  levels. 

TPL  measurements  from  300K  to  lOK  are  shown  in 
Figure  5.  The  effective  lifetime  decreases  markedly  with 
temperature.  At  room  temperature,  the  effective  lifetime  is 
dominated  by  the  band-to-band  lifetime.  As  the  temperature  is 
lowered,  the  band-to-band  lifetime  increases  due  to  the  freezing 
out  of  carriers.  However,  the  Shockley-Read-Hall  lifetimes 
may  decrease  with  temperature  and  have  a  larger  effect  on  the 
effective  lififtime  at  the  intermediate  temperatures.  Surface 
recombination  may  play  an  important  role  in  the  TPL  response. 
Its  effects  would  be  l^er  at  lower  temperatures  due  to  the 
increasing  value  of  the  diftusion  coefficient  with  declining 
temperature. 


8000  8200  8400 

WAVELENGTH  (A) 

Figure  4.  PL  spectra  at  lOK  for  SI ,  S2,  and  S3. 

We  took  TPL  measurements  of  both  peaks  observed 
at  the  lowest  temperatures.  The  TPL  scan  at  lOK  shown  in 
Figure  S  is  for  the  higher-energy  peak  seen  in  Figures  3  and  4. 
Figure  6  shows  the  TPL  measurements  on  both  of  the  low- 
temperature  bands  observed  in  sample  SI.  The  TPL  decay  of 
the  1.S15  eV  luminescence  is  shown  in  curve  (a).  The  initial 
decay  is  below  the  1.2  ns  resolution  of  our  system.  However, 
the  TPL  curve  of  the  1 .495  e  V  luminescence,  curve  (b),  decays 
with  an  initial  time  constant  of  approximately  20  ns.  Time 
recombination  kinetics  are  consistent  with  a  very  fast  relaxation 
of  holes  from  the  valence  band  down  into  the  acceptor  states, 
followed  by  a  slower  decay  of  the  band-to-acceptor  and/or 
donor-to-acceptor  transition.  The  fast  decay  of  the  higher- 
energy  peak  also  may  include  components  due  to  the  decay  of 
free  and  bound  excitons.  Consequently,  the  decay  of  the  initial 
excited  carrier  population  at  these  low  temperatures  is 
dominated  by  the  relaxation  of  holes  into  the  acceptor  levels 
and  not  by  brad-to-band  or  Shockley-Read-Hall  recombination. 
At  the  elevated  temperatures  at  which  roost  solar  ceUs  are 
operated,  it  is  unlikely  that  these  processes  will  have  a 
significant  effect  on  solar  cell  efficiency.  However,  a  high 
concentration  of  these  defects  can  affect  the  room-temperature 
mobility  of  the  material. 
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Figure  S.  TPL  measurements  of  SI  for  temperatures  fipom  300K 
to  lOK.  Calculated  effective  lifetimes  are  84  ns 
(300K).  43  ns  (201K),  7.9  ns  (25K),  and  <  0.6  ns 
(lOK). 
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Figure  6.  TFL  measurements  associated  with  different  peaks  of 
SI. 
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AlGaAs  Double  Heterostructures 

TPL  measurements  at  room  temperature  are  shown 
for  san^les  S7,  S8,  and  S9  in  Figure  7.  Single  exponential  fits 
to  the%  decays  indicate  initial  effective  lifetimes  of 
approximately  64  and  14  ns  for  samples  S7  and  S8, 
respectively.  The  effective  lifetime  measured  for  S9  is  less 
than  0.8  ns,  smaller  than  the  resolution  of  our  experimental 
setiq).  The  lifetimes  for  S7,  S8.  and  S9  expected  due  to  band- 
to-bimd  radiative  recombination  are  143,  56,  and  4  ns 
respectively,  as  listed  in  Table  2.  Again,  if  surface 
recombination  and  Auger  recombination  are  neglected,  a  lower 
limit  to  the  minority  lifetime  can  be  extracted  frmn  these 
measuremeats  taken  in  the  low-intensity  limit.  These  results 
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Figure  7.  RT  TPL  measurements  on  AlGaAs  DHs. 

indicate  that  the  minmity  carrier  lifetimes  in  samples  S7,  S8, 
and  S9  are  approximately  114  ns,  20  ns,  and  <  1  ns, 
reqrectively.  As  with  the  highly  doped  GaAs  sample  S3,  the 
hi^y  dop^  AlGaAs  sample  has  different  decay  rates  at  longer 
times,  indicating  the  effects  other  phenomena  as  discussed 
above. 

An  example  of  a  set  of  spectral  scans  for  sample  S7, 
an  AlGaAs  DH,  is  shown  in  Figure  8.  They  show  features 
similar  to  the  spectral  scans  of  the  GaAs  sample  SI  shown  in 
Figure  3.  As  with  sample  SI,  at  low  temperatures,  the 
spectrum  shows  two  peaks,  centered  at  7S34A  and  7628A, 
oorresponding  to  1.645  eV  eod  1.625  eV.  The  identification  of 
these  two  peaks  is  similar  to  that  described  above  for  the  GaAs 
samples.  Again,  the  relative  amplitudes  of  the  two  peaks  at 
two  different  incident  optical  intensities  are  approximately 
equal.  The  reasoning  applied  above  to  SI  also  suggests  that 


Figure  8.  PL  spectra  of  S7  for  temperatures  from  300K  to  1  IK. 
Light  gray  curve  is  IIK  spectrum,  w4iile  the  dotted 
curve  is  the  24K  spectrum. 

this  transition  in  S7  is  one  from  the  Se  donor  level  (6  meV 
below  the  conduction  band  [4])  to  a  shallow  acceptor  level  (14 
meV  above  the  valence  bmd).  This  would  imply  that  the 
transition  could  be  extinguished  at  50K,  as  is  observed, 
because  most  of  the  donors  would  be  ionized.  At  1  IK  and  24K, 
two  transitions  are  also  seen  in  S8,  but  not  in  S9,  as  shown  in 
Figure  9.  The  relative  intensity  of  the  lower-energy  peak  to  the 
higher-energy  peak  is  opposite  that  in  the  GaAs  sample, 
perhaps  indicating  a  higher  density  of  these  acceptor  states. 
Again,  as  with  the  GaAs  samples,  the  peaks  of  S8  are  shifted  to 
higher  energy  by  approximately  1.8  meV.  Sample  S9  shows 
the  same  broadening  effects  as  does  sample  S3. 
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Figure  9.  PL  spectra  at  lOK  for  samples  S7,  S8,  and  S9. 

TPL  measurements  from  300K  to  lOK  for  sample  S7 
are  shown  in  Figure  10.  As  with  the  GaAs  sanqrle  SI,  the 
effective  lifetime  decreases  with  temperature  for  reasons 
discussed  above.  The  TPL  scan  at  lOK  ^own  in  Figure  10  is 
for  the  higher-energy  peak  seen  in  Figures  8  and  9.  Figure  11 
shows  the  TPL  measurements  on  both  of  the  low-temperature 
bands  observed  in  sample  S7.  The  decay  of  the  1.645  eV 
luminescence  is  shown  is  curve  (a).  The  initial  decay  is  below 
the  1.2  ns  resolution  of  our  system.  The  1.625  eV 
luminescence,  curve  (b),  decays  with  an  initial  time  constant  of 
approximately  23  ns  and  a  Imger  decay  constant  at  longer 
times.  These  recombination  kinetics  are  similar  to  those 
described  above  for  the  GaAs  samples. 
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Figure  10.  TPL  measurements  of  S7  for  temperatures  from 
300K  to  lOK.  Calculated  effective  lifetimes  ate  64 
ns  (300K),  26  ns  (201K),  and  <  1  ns  (2SK  and  lOK). 
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Figure  11.  TPL  measurements  associated  with  different  peaks 
of  sample  S7. 


CONCLUSIONS 

We  have  perfonned  a  study  of  the  photoresponse  of 
GaAs  and  AlGaAs  double  heterostructures  as  a  function  of 
temperature  fixnn  300K  to  lOK.  Additional  paths  for  radiative 
recombination  are  observed  at  low  temperatures  that  are  not 
apparent  at  room  temperature.  We  attribute  the  low- 
temperature  results  to  a  combination  of  band-to-band  free- 
carrier  recombination,  free-  and  bound-exciton  recombination, 
conduction  band-to-acceptor  recombination,  and  donor-to- 


acceptor  recombination.  While  the  existence  of  these  acceptor 
levels  may  not  be  apparent  from  TPL  measurements  performed 
at  room  temperature,  their  presence  may  affect  room- 
temperature  carrier  lifetimes  and  carrier  mobilities  and,  thus, 
solar  cell  performance. 

This  work  demonstrates  the  extension  of  the  TPL 
method  into  low-temperature,  transition-specific  studies.  TPL 
appears  to  have  the  potential  to  characterize  defect  levels  and 
concentrations  in  bulk  materials,  infotnuUion  which  presently  is 
obtained  by  deep-level  transient  spectroscopy  on  device 
structures.  Information  on  the  defects  present  in  materials 
grown  at  different  temperatures  and  with  different  MOCVD 
precursors  is  essential  for  the  selection  of  the  optimum  growth 
methods  for  high-efficiency  solar  cell  materials. 

Additional  measurements  on  samples  with  different 
active-layer  thicknesses  are  in  progress  in  order  to  quantify  the 
surface  recombination  effects.  Changes  in  the  experimental 
apparatus  are  under  way  that  will  allow  us  to  improve  both  the 
spectral  and  temporal  resolution  of  our  measurements.  These 
changes  nuy  allow  us  to  identify  the  impurities  arxl  make 
estimates  of  their  densities. 
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TECHNOLOQY  OPERATIONS 


Tbe  AeroqMoe  Corporation  functions  as  an  ”atcbitect*engineer''  for  national  security 
programs,  q)ecializing  in  advanced  military  space  systems.  Tbe  Coq)Qration’s  Technology 
Operations  sni^XKts  the  effective  and  timely  development  and  operation  of  national  security 
systems  through  scientific  research  and  the  application  of  advanced  technology.  Vital  to  the 
success  of  the  Corporation  is  the  technical  staffs  wide-ranging  expertise  and  i&  ability  to  stay 
abreast  ot  new  te^dogical  developments  aitd  program  su];q>ort  issues  associated  with  rabidly 
evolving  ^ace  systems.  Contributing  curabilities  are  provided  by  diese  individual  Technology 
Centers: 

Electronics  Technology  Center:  Miooelectnmics,  solid-state  device  physics, 

VLSI  reliabUity,  compound  semiconductors,  radiation  hardening,  data  storage 
technologies,  infixed  detector  devices  and  testing;  electiD-cqrtics,  quanoim  eketronks, 
solid-state  lasers,  optical  propagation  and  commnnicaiioos;  cw  pulsed  chemical 
laser  devekqanent,  optical  resonators,  beam  ctmtrol,  a&nospheric  propagatioo,  and 
laser  effects  and  countermeasures;  atomic  fiequency  standards,  ^lied  laser 
qiectroscopy,  laser  chemistry,  laser  optoelectronics,  phase  conjugation  and  coherent 
imagirv,  solar  cell  physics,  battery  electrodtemistry,  bmtery  testing  and  evaluation. 

Mechanics  and  Materials  Technology  Center:  Evaluation  and  characterization 
of  new  materials:  metals,  alloys,  ceranscs,  polymers  and  their  composites,  and  new 
farms  of  carbon;  development  a^  analysis  of  thin  films  and  dqxsidon  techniques; 
nondestructive  evaluation,  component  failure  analysis  and  reliability;  fiacture 
mechanics  and  stress  corrosion;  development  id  evaluteion  of  hardened  components; 
analysis  and  evaluation  of  materials  at  cryogenic  and  elevated  tempennires;  launch 
veUde  and  reentry  fluid  mechanics,  heat  innsfier  and  flight  dynamics;  chemical  and 
electric  propnlsion;  spececraft  stnictnral  mechanics,  spaceoaft  survivability  and 
vulnerability  assessment;  contamination,  thermal  and  structural  control;  high 
tenqteratnre  diennomechanics,  gas  kinetics  and  radiadon;  lubrication  and  surfisce 
phenomena. 

Space  and  EnvironnMnt  Techiwlogy  Center:  Magnetospheric.  auroral  and 
cosmic  ray  physics,  wave-particle  interactions,  magnetoqrheric  plasma  waves; 
atmoqiberic  nd  ionospheric  physics,  density  and  composition  of  the  upper 
atmo^here,  remote  sensing  ndng  atmospheric  radiation;  solar  physics,  infrared 
astronomy,  infiared  signature  analysis;  effectt  of  solar  activity,  magnetic  storms  and 
nodear  explosions  on  die  earth's  atmoqpbere,  ionosphere  and  magnetosphere;  effects 
ofelertrniiiagnrtic  and  particnlstemdiatioos  on  qpace  systems;  qmoeinstnimentation; 
prapdlant  chemistty,  cheiaical  dynamics,  environmental  chemistry,  trace  detection; 
atmoquherk  chemical  reactions,  atmospheric  optics,  light  scattering,  state-specific 
chemical  reactions  and  radiative  signatures  of  missile  plames,  and  sensor  out-of-fidd- 
of-viewrtjection. 


